This paper presents the model for the washing-out process of precious metals from spent catalysts by the use of molten lead in which the metal flow is caused by the rotating electromagnetic field and the Lorentz force. The model includes the coupling of the electromagnetic field with the hydrodynamic field, the flow of metal through anisotropic and porous structure of the catalyst, and the movement of the phase boundary (air-metal) during infiltration of the catalyst carrier by the molten metal. The developed model enabled analysis of the impact of spacing between the catalysts and the supply current on the degree of catalyst infiltration by the molten metal. The results of calculations carried out on the basis of the model were verified experimentally.
Introduction
Spent catalysts containing precious metals are very attractive for recycling [1] [2] [3] [4] [5] [6] . However, this process faces two major obstacles. First of all, a single catalyst carrier contains, at best, a few grams of platinum metals and secondly, the metals are trapped in the capillary structure of the ceramic carrier of a catalyst. That is why, the condition for economic viability of such a process is to minimise the cost of processing a single carrier. The authors have proposed and patented a new technology based on leaching PGMs from the catalyst structure by means of liquid metals [7] . This technique does not require a grinding of a catalyst carrier, thereby helping to reduce costs. Since the use of a mechanical pump in case of aggressive molten metal, in terms of large-serial recycling of catalysts, is practically impossible, the authors proposed a method based on a noncontact action of the electromagnetic field and magnetohydrodynamic phenomena [8, 9] . Unfortunately, this method of propelling the metal is further complicated by the fact that the electromagnetic field acts on the metal outside of the catalyst carrier, which is the area where we would like to obtain the flow. The key for the success is to produce a pressure difference on both sides of the catalyst that is sufficient to overcome the resistance of the capillary structure of the catalyst carrier.
The technological process analyzed in the paper is quite a big challenge for modeling by means of computational fluid dynamics. So far only the flow of gases through a working automotive catalyst was modeled [10, 11] . The modeling of the proposed recycling process of catalysts is much more complex. In the case of the considered process a multiphysical model taking into account coupling of the electromagnetic field with the hydrodynamic field has to be developed. Such models were previously developed for many industrial processes [12] [13] [14] [15] but without a porous medium limiting the impact of electromagnetic field on the molten metal. Only paper [16] describes such a simple one-dimensional model of the Lorentz force infiltration of the porous structure.
At the initial state of the described process, there is a twophase flow of molten metal and air in the area of the catalyst carrier and during its infiltration the phase boundary moves. There are similar phenomena in the process of manufacturing metal matrix composites reinforced with a preform [17, 18] . Created models of this process take into account the twophase flow and resistance of the preform to the penetration of the molten melt [19, 20] . However, these models cannot be directly applied for the process of catalysts recycling because of the ultra-anisotropic, capillary structure of the catalyst carrier and nonuniform distribution of pressure on both sides of the carrier. In contrast to the process of the composite fabrication, the model of the analyzed recycling process must include not only the area of the porous carrier but also the whole device used in this process.
The multiphysical model presented in the paper was created on the basis of commercial software packages the Cedrat Flux (electromagnetic model) and the Ansys Fluent (hydrodynamic model). However, the coupling between the electromagnetic field and the hydrodynamic field was implement, with the use of software developed by the authors. The package Fluent has been extended with a new model allowing the analysis of two-phase flow through anisotropic, capillary structure taking into account the flow resistance and capillary pressure.
The paper contains description of the model of the catalyst carriers infiltration by molten metal, analysis of the influence of chosen parameters on efficiency of the process, and results of the experimental verification of the developed model.
Model of Process
The model of the analyzed process requires the coupling of the electromagnetic field with hydrodynamic field. It is possible to apply the commonly used one-way coupling of these fields [12] [13] [14] [15] due to the fact that in the modeled process the magnetic Reynolds number is low; the moving (during the infiltration of catalyst carrier) phase boundary is present only in the area of the ceramic carrier and does not influence the distribution of the electromagnetic field because of zero macroscopic conductivity of the carrier capillary structure (independent of the presence of metal). This made it possible to divide simulation into two separate stages-the quasi-static simulation of the electromagnetic field giving the distribution of Lorentz force acting on liquid metal and the unsteady hydrodynamic simulation (Figure 1) .
The research was conducted on the basis of twodimensional electromagnetic and hydrodynamic models. This allowed reduction of simulation time (to tens hours) with maintaining the representativeness of the model. It was possible because of the channel depth similar to the height of the catalyst carrier. It means that there was no flow under and above the carrier. At the same time the coil considerably higher than the channel allowed the assumption that the electromagnetic field is uniform in the direction parallel to the electromagnetic stirrer axis.
The periodicity of the electromagnetic field as well as the hydrodynamic field was assumed in the model ( Figure 2 ). The size of the calculation domain expressed by angle depends on the number of catalyst carriers placed in the channel.
Channel Area outside Catalysts Carriers.
The electromagnetic field was modeled using the equation, commonly used for quasistatic electromagnetic problems, based on the magnetic vector potential [15, 21, 22] . In the case of the two-dimensional model the potential is a scalar which significantly simplifies the calculations. Consider where , are magnetic permeability and conductivity of the molten metal, is angular frequency, J s is source current density. After calculation of the potential distribution, it is possible to determine the Eddy current density J and the magnetic induction B. Consider
On this basis, the distribution of the time-averaged Lorentz force acting on the molten metal was determined. Consider
The electromagnetic model was implemented by use of the commercial software Cedrat Flux complemented by the module which enables the calculation of the time-averaged Lorentz force. The model of metal flow in the channel outside catalysts carriers was based on the solution of continuity and Navier-Stokes equations for the incompressible fluid. The electromagnetic force density f e was added as the source term in the momentum equation (5) . Consider
where v is velocity; is effective viscosity taking into account turbulent viscosity determined for the commonly used − model [23, 24] , is density; is pressure. Due to the fact that the air squeezed out from the catalyst carrier is almost immediately removed from the molten metal as a result of the buoyancy force, only one phase in this areathe molten metal-was assumed.
The hydrodynamic model was created with the use of the Ansys Fluent complemented by User-Defined Functions enabling import of the electromagnetic force distribution from the Cedrat Flux.
Catalyst Carrier Area.
The capillary structure of the carrier requires substantial modification of the model describing the channel zone outside the catalyst carriers. First of all, because the macroscopic electrical conductivity of the ceramic carrier area is zero (in the direction of the eddy current flow), the Lorentz force does not act on the metal in this area. Therefore, the source term representing the electromagnetic force can be neglected in (5). The capillary structure of the catalyst forces the unidirectional flow in the direction of the capillaries. The orientation of the catalyst according to the coordinate system ( Figure 2 ) allowed reducing calculation to only the horizontal component of the velocity, assuming the vertical component V is equal to zero.
After immersion of the catalyst into the molten metal, the infiltration of its capillary structure by the metal begins. This is why, in the area of the catalyst carrier, a two-phase flow was modeled using the modified volume of fluid (VOF) method which allowed tracking of the interface between air and molten metal during the infiltration of the carrier porous structure. The authors' modification of the VOF method enables modeling the two-phase flow through ultraanisotropic, capillary structure of the catalyst, taking into account the flow resistance and capillary pressure.
The catalyst capillary structure inhibits the flow of molten metal. The pressure drop across the length of the capillary can be determined on the basis of Hagen-Poiseuille equation [10] :
where Δ is pressure drop, is unit length, is hydraulic diameter of the capillary, is viscosity of metal, and V is velocity. At the same time the presence of channel walls separating different fluid streams results in the lack of the term directly expressing the internal friction of fluid in the momentum equation (8) . This friction was taken into account indirectly in the term derived from the Hagen-Poiseuille equation (6) .
The metal, which is infiltrating the ceramic structure of the catalyst, also meets the additional resistance in the form of the capillary pressure due to the wetting angle for the system of ceramics and metal greater than 90 degrees. Consider
where is capillary pressure, is surface tension, and is capillary diameter. The capillary pressure and flow resistance resulting from the Hagen-Poiseuille relationship were included in the Navier-Stokes equation
where expresses the volume fraction of metal and and are the effective density and viscosity expressed by formulas:
Tracing the metal phase distribution by the use of VOF method required adding to the model another continuity equation for the volume fraction of the metal:
This multiphase model for the capillary medium was implemented as an additional module of the Fluent by the use of User-Defined Functions.
Numerical Simulation
Computer simulations (based on the developed model of the process) helped to evaluate the effectiveness of rinsing the catalyst structure by the liquid metal. The calculations also allowed the assessment of the impact of inductor current, the number of catalysts in the channel (distance between them) on the efficiency of the process. The study was conducted using liquid lead as a rinsing medium, for the process parameters shown in Table 1 . The research began with the two catalysts in the channel. The liquid metal was treated by a rotating electromagnetic field generated by a coil energized with a three-phase current of 40 A. The distribution of the obtained electromagnetic force density is shown in Figure 3 .
Electromagnetic forces reach the maximum value at the outer wall of the channel and vanish exponentially as the distance from the wall increases. This means that the effective acceleration of metal occurs only in the outer metal layers. In the catalyst area, the Lorentz force does not act on the molten metal due to zero macroscopic conductivity of the carrier in the directions orthogonal to the direction of capillaries.
The distribution geometry of the electromagnetic force does not vary with changes in the supply current. The current only affects the values of this force.
About 20 seconds after power turn-on, the average velocity of the metal (Figure 4 ) reaches its maximum and thus the final flow structure and degree of the catalyst infiltration are obtained.
Only half of the carrier was infiltrated by metal, as shown in Figure 5 . The main reason is insufficient, differential pressure between the inlet and outlet of capillaries which is not able to overcome the capillary pressure (7) . As a result, precious metals are leached only from the half of the carrier. It dramatically worsens the efficiency and economy of the process.
Placing only one catalyst in the channel expands the area where the metal can be effectively accelerated, thereby increasing the pressure difference obtained on both sides of the catalyst. This results in a significant improvement of the catalyst structure infiltration (Figure 6 ). However, in the case of only one catalyst in the channel and approximately the same supply power, the efficiency of the process is reduced by half. For comparison, simulations for four and eight catalysts in the channel were carried out. However, in these cases there was almost no infiltration of the catalysts by liquid metal, which means the complete failure of the recycling process. All the energy was consumed for producing vortices in the spaces between the catalysts.
Increasing the supply current to 57 A and thus doubling the electromagnetic forces acting on the molten metal without changing the geometry of their distribution increased the average velocity that the liquid lead reaches in the channel (approximately 0.5 m/s). Increasing the difference of pressure between the inlet and outlet of the catalyst significantly improved the degree of infiltration of the carrier structure (Figure 8(a) ).
However, the increase of the current causes a double increase in the power consumed by the device. That electrical efficiency of the process is halved. Comparison of the results obtained for one catalyst in the channel and the input current 40 A with the results for the two catalysts and supply current 57 A shows that better results can be obtained by increasing the spacing between the catalysts than by increasing the supply current (and consumed power). Increasing the supply current allowed a certain degree of infiltration of the carrier for case four (Figure 8(b) ) and eight (Figure 8(c) ) catalysts in the channel, but it should be considered as insufficient. 
Experimental Verification
The making of measurements of molten metal flow is not an easy task. A number of measurement methods were developed [25] , but none of them is suitable for measuring the flow of metal through the porous structure of the catalyst. The only way to check the reliability of the presented model of infiltration is placing the catalysts in a stream of liquid metal, removing them after infiltration, and checking which capillaries were filled by the molten metal. The problem is that after the removal of the catalyst from the channel still liquid metal flows out from capillaries due to the action of the gravity and capillary pressure. For this reason, the only evidence of the presence of molten lead in a capillary during the process is the small amount of the solidified metal at its outlet. Experimental verification of the described numerical model was carried with the use of the facility shown in Figure 9 .
The facility consists of the rotating magnetic field stirrer (adapted a three-phase asynchronous motor) and the power supply (inverter). In the annular channel of the RMF stirrer ( Figure 10 ) there was molten lead with a depth of 60 millimeters.
Three experiments were performed: for one, two, and four catalysts immersed in the molten lead. The three phase inductor of the stirrer was supplied with current of 40 A and frequency of 50 Hz.
Front surfaces of the catalysts with remains of lead are presented in Figure 11 (the right wall of the catalyst is one close to the outer wall of the channel). The obtained experimental results are consistent with the results of the numerical model presented in Figures 5-7 . Vertical nonuniformity of metal distribution is the result of the three-dimensional character of the real process (that is not taken into account by the presented two-dimensional model), and imperfection of the used measurement method.
Conclusions
The experimentally verified numerical model of the catalyst infiltration by molten metal takes into account the most important phenomena present in the process-the magnetohydrodynamic flow, the two-phase flow, and the flow through porous medium. The developed model enables the analysis of the process, impossible to realize using only experimental methods. The research indicated that in case of too high number of catalysts in the channel (too small distances between them) the molten metal did not have enough momentum to overcome the capillary pressure and the flow resistance in the catalyst carrier. If the current of coil increased, the situation would be better but at the cost of increased energy consumption on a single catalyst. Caulking spaces between a catalyst and channel walls could increase the pressure difference between the inlet and outlet of capillaries, but in case of a real technological process of recycling catalysts of random geometry, such a method is very difficult to implement.
The numerical simulations and experimental verification were conducted on a small laboratory scale. However, in case of industrial scale and higher diameters of the stirrer channel, the influence of the distance between catalysts and the supply current on the degree of carriers infiltration by the molten metal will be the same.
